Dangerous radioactive waste leftover from the Cold War era nuclear weapons production continues to contaminate sixteen sites around the United States. Although many challenges and obstacles exist in decontaminating these sites, two particularly dicult tasks associated with cleanup of this waste are extracting and separating actinide elements from the remainder of the solution, containing other actinide elements and non actinide elements. Developing eective methods for performing these separations is possible by designing new chelating agents that form stable complexes with actinide elements, and by investigating the interactions between the chelating agents and the actinide elements. In this work, new chelating agents (or ligands) with potential to facilitate the separation of radioactive waste are designed for Th, Pa, and U using relativistic Density Functional Theory (DFT) inconjunction with a high-throughput algorithm. We show that both methodologies can be combined eciently to accelerate discovery and design of new ligands for separation of the radioactive actinides. The main hypothesis that we test with this approach is that the strength of secondary coordination sphere (SCS) can be tuned to increase the selectivity of binding with dierent actinides. More specically, we show that links that connect two of the catecholamide ligands via covalent interactions are then added to increase the overall stability of the complex. The eect of increase in the selectivity is also observed when non-covalent interaction is used between ligands. We apply this approach for Th, Pa, and U, and discover linkers that can be used with other ligands. adding a butene link.
Introduction
According to the report written by the US Department of Energy's Division of Basic Sciences in 2015, sixteen nuclear weapons production sites that operated during the Cold War still contain materials and wastes that are contaminated with radiation.
1 Three hundred million liters of highly radioactive waste, or enough waste to ll 120 Olympic sized swimming pools, are currently stored in tanks at just three of these sites. Numerous tanks have leaked over the past couple of decades, exposing the surrounding environment to some of the most dangerous and complicated materials that are known to exist on Earth.
One of the most onerous tasks associated with the cleanup of this nuclear waste is the extraction and separation of the radioactive actinide elements from the remaining non-radiation emitting elements. To facilitate the separation, new materials must be designed that are able to withstand the intense levels of radiation and acidity or alkalinity that are present in the nuclear waste. These new materials must also have a high selectivity for binding with ra- HostDesigner is a software package that identies the optimal integrated ligands to attach to a desired metal using molecular mechanics algorithms. Once the algorithm creates these integrated complexes, the user must perform further calculations to investigate the stability of each complex and the nature of the interactions between the ligands and the metal produced.
HostDesigner is a high-throughput algorithm that can examine thousands of possible chemical structures in less than one minute, depending on the architecture of the complex.
Once the user provides HostDesigner with an initial complex, the algorithm searches a library of 8,266 chelating agents for suitable links to connect the already existing ligands. The algorithm then ranks the chemical structures based on their relative energy. Complexes with the lowest relative energy must then be analyzed further with a more sophisticated level of theory, i.e. density functional theory with relativistic corrections, specically, zeroth-order relativistic approximation (DFT-ZORA).
DFT-ZORA calculations describe the binding energy of the ligand-actinide structures and the coordinates and, in most cases, they are almost identical to experimental results.
To determine if a given chelating agent is able to separate one actinide from other actinide elements, information on the relative binding energy of the chelating agent bound to dierent actinide elements is needed. Additionally, knowing the binding energy of many dierent chelating agents bound to a single actinide element allows ligands to be ranked based on their anity for binding to that actinide.
Our main hypothesis is that ligands with secondary coordination sphere eects increase selectivity and thus separation, which can be used in the design of new ligands at accelerated pace using a high-throughout algorithm and rst principles calculations. More specically, in this work, new ligands are designed by investigating the second coordination sphere. As shown in Figure 1 , the second coordination sphere exploits the use of non-covalent interactions and covalent bonds (linker formation) between ligands. The methodology involved in designing the new host-guest interactions includes the use of molecular mechanics and relativistic density functional theory (DFT-ZORA). We will explore the nature of the actinide complexes with non-interacting ligands, the non-covalent interactions between ligands, and the application of HostDesigner to design new linkers.
Computational Methods

Ligand Design Using HostDesigner
HostDesigner is a Fortran software package that uses molecular mechanics calculations that identify optimal integrated ligands for a specic metal. The algorithm predominantly used in this study is OVERLAY. The top half of Figure 2 shows an overview of the steps that HostDesigner's OVERLAY algorithm takes to design potential chelating agents for a user dened input structure that is chosen with, for example, Avogadro.
3 The bottom half of Figure 2 shows the more computationally expensive relativistic DFT as implemented in the Amsterdam Density Functional (ADF) that is applied to the top ranked HostDesigner output structures. We have modied slightly each algorithm for compatibility and convenience. OVERLAY checks HostDesigner's library for a suitable link based on the input geometry.
After examining the link and its connection to the host molecule, OVERLAY decides if the link satises the specied parameters. If there is no match, OVERLAY rejects the link. However, if there is a match, the coordinates of the link are added to those of the host molecule and saved for further analysis. Figure 3 shows a generic example of how OVERLAY connects two existing ligands to form a more stable complex. This process is repeated n = 8, 266 times, for all links currently in the library. HostDesigner produces two sets of the (x,y,z) coordinates of the structures ranked according to root mean square deviation (rmsd) and HostDesigner conformational energy (hdce). A more in-depth explanation of ranking methods, and a step-by-step description of the OVER-LAY algorithm can be found in the HostDesigner User's Manual. 4 HostDesigner is intended as a preliminary design tool for new host molecules. One limitation of HostDesiger is that it requires the user to be selective when choosing an input structure.
A more detailed analysis of output structures must follow the use of HostDesigner. Since the complexes generated by HostDesigner contain actinide elements, force eld methods must be used with caution, as some parameters have not been developed with detail due to the lack of experimental data or the diculty of using higher-order rst principles methods on these atoms. Therefore, we use relativistic density functional theory (DFT) to carry out the rened analysis, combining accuracy and computational feasibility.
Energy Calculations Using Relativistic DFT
We use density functional theory (DFT), as implemented in the Amsterdam Density Functional (ADF) version 2016-r51252.
57 All calculations are completed using the B3LYP-dUFF functional. B3LYP is a hybrid functional method, and dUFF accounts for dispersion corrections using the C 6 parameters from the universal force eld (UFF). Relativistic triple zeta with polarization (ZORA:TZP) basis sets are used for all actinides, and double zeta with polarization (DZP) basis sets are used for the light elements (C, H, O, and N). Every basis set is all-electron, and the default numerical quality is used for integration and other convergence criteria. This level of theory will be referred to as B3LYP-dUFF/ZORA for the remainder of this work.
The binding energy of each complex is calculated with the optimized structures produced by B3LYP-dUFF/ZORA analysis. Equation (1) is used for this purpose: n.
An example of applying these equations to Figure 3 
Equation (2) can be generalized for all complexes generated by HostDesigner. For simplicity, ∆E dif f bind will be referred to as ∆E for the remainder of this work.
Applying HostDesigner to Recover Radioactive Waste
Determining the binding energy of various chelating agents allows us to determine the agents that provide the greatest degree of separation of an actinide element from a mixture of actinides and from non-radiation emitting elements. This is necessary when generating complexes for separating radioactive waste.
Results and Discussion
The actinide-catecholamide complexes optimized with relativistic eects are used as input structures for HostDesigner. The geometry optimization calculations discussed in the methods section are performed so that the structures containing linked ligands obtained from HostDesigner's output les have a more accurate initial guess for the optimal coordinates.
Even with an almost perfect guess of the rst coordination sphere, optimizing the geometry of complexes containing more than 80 atoms is time consuming. Therefore, the rst coordination sphere, the actinide element and eight oxygen atoms surrounding it, are frozen to simplify the model, meaning that the coordinates of the nine atoms are xed while the remaining atoms in the structure are optimized normally. Using the resulting coordinates, the rst coordination sphere is unfrozen, and the full geometry optimization is performed. The geometries of both complexes are optimized in gas phase using B3LYP-dUFF/ZORA theory calculations. Table 1 lists three reactions, and the changes in binding energy (∆E), changes in zero point energy (∆ZPE), changes in Gibbs free energy (∆G), and the average plutonium-oxygen bond length for the optimized structures of these complexes. Note that the ∆ZPE predicts the trend between ∆E and ∆G. 
Pu(IV)-Nitrate and Pu(IV)-Water Complexes
We validate the computational method by comparing our results to those produced by Wang et al.. The calculations used by Wang are slightly dierent to the one used in this work. Table   2 
Th(IV)
We start by optimizing the thorium-catecholamide complex using HostDesigner. Figures 5 and 6 contain the top twelve structures obtained from HostDesigner. There are several links that appear to be identical because of the two-dimensional illustrations, however, they have dierent congurations and this results in dierent binding energies. In particular, the four links rmsd3, rmsd4, hdce1, and hdce2; the two links rmsd6 and hdce4; and the two links rmsd5 and hdce3 all have dierent binding energies. This is because they correspond to dierent congurations, which the current approach also takes into account. The link is highlighted in green on each structure. hdce1 hdce2 hdce3 hdce4 hdce5 hdce6 Figure 6 : Top six thorium-catecholamide structures ranked by the conformational energy (hdce). The link is highlighted in green on each structure.
As described earlier, the geometry of each of the twelve complexes is further optimized using B3LYP-dUFF/ZORA calculations. Table 3 shows the name of all twelve links, the relative binding energy of the structure with the frozen rst coordination sphere, the relative binding energy of the relaxed structure, and the average thorium-oxygen bond length of the relaxed structure. Additionally, the average thorium-oxygen bond length of the original, unlinked complex is shown. The binding energy of each complex is calculated based on the following reaction:
Here, L(x) represents rmsd 1-6 or hdce 1-6, and L is a single catecholamide ligand. Since the real interest is in the binding energy of each complex relative to the original unlinked complex, the reported binding energy values are relative to thorium-catecholamide. The relative binding energy is calculated using: For all complexes, the relaxed relative binding energy is within 0.6 kcal/mol of the frozen relative binding energy. Additionally, the relative binding energy of every complex decreased when the geometry is relaxed. The average thorium-oxygen bond length found in the relaxed complexes is in general slightly shorter than the original unoptimized complex, at most by 0.002 Å.
The eect that each link has on the stability of the original complex is more apparent when the relaxed relative binding energy is shown graphically. Figure 7 shows two graphs of the binding energy of each of the structures from Table 3 . The rmsd complexes are presented separately from the hdce complexes for clarity. From these graphs, the most stable complex is created with the addition of rmsd3, isoindene. The rmsd4, hdce1, and hdce2 links, also isoindene, have relative binding energies within 0.5 kcal/mol of the rmsd3 isoindene link.
Therefore, while HostDesigner may have placed the links in dierent orientations, all four complexes optimize to the same conguration at the B3LYP-dUFF/ZORA level of theory.
A similar phenomenon occurs with both rmsd5 and hdce3 (indene) and rmsd6 and hdce4
(cyclopentadiene). 
The relative binding energy is calculated using: Table 4 shows the name of all twelve links, the relative binding energy of the structure with the frozen rst coordination sphere, the relative binding energy of the relaxed structure, and the average protactinium-oxygen bond length of the relaxed structure. Additionally, the average protactinium-oxygen bond length of the original, unlinked complex is reported. Unlike the thorium complexes, the relative binding energy of the frozen and relaxed complexes containing protactinium diered signicantly in some cases. For example, all of the complexes with the isoindene link (rmsd3, rmsd4, hdce1, hdce2) stabilize around 12.6 kcal/mol, when the rst coordination sphere is allowed to relax. The greatest dierence is in the rmsd2 link, phenalene, at 13.01 kcal/mol. Additionally, the average protactinium-oxygen bond length of many complexes contract by more than 0.1 Å. Figure 10 is a graphical representation of the relaxed relative binding energy of the complexes shown in Table 4 . The most stable complex is created with the addition of hdce1, isoindene. Note that in this case, unlike with thorium, the other isoindene complexes (rmsd3, rmsd4, and hdce2) do not have the same relative binding energy as hdce1. The isoindene complexes from rmsd3, rmsd4, and hdce2 all have the same binding energy, but that value is approximately 15 kcal/mol more than the one from hdce1. This is likely due to a dierent conguration of the isoindene link. Additionally, neither the indene complexes (rmsd6 and hdce4) nor the cyclopentadiene complexes (rmsd5 and hdce3) optimize to congurations with the same relative binding energy. The indene complexes dier by more than 18 kcal/mol, while the cyclopentadiene complexes dier by more than 22 kcal/mol.
Finally, it is worth mentioning that the range of relative binding energy is much larger for protactinium complexes than it is for thorium complexes. The dierence in binding energy between the most and least stable thorium complexes is less than 11 kcal/mol, while for the protactinium complexes, the same dierence is nearly 45 kcal/mol. 
U(IV)
The optimized uranium-catecholamide complex is used as the input to HostDesigner. Figures   11 and 12 contain the top twelve structures from HostDesigner. The geometry of each structure is optimized using calculations at the B3LYP-dUFF/ZORA level of theory. The binding energy of each complex are calculated based on the reaction:
The relative binding energy is calculated using: Table 5 shows the name of each link, the relative binding energy of the structure with its rst coordination sphere frozen, the relative binding energy of the relaxed structure, and the average uranium-oxygen bond length of the relaxed structure. The average uranium-oxygen bond length of the original, unlinked complex is reported. Unlike the thorium and protactinium complexes, the isoindene link makes only two appearances in the top twelve complexes for uranium. Additionally, isoindene is the only repeating link in the top twelve uranium complexes. The relaxed relative binding energies are much closer to the frozen relative binding energy than the protactinium complexes, but not quite as close as thorium. The largest decrease is nearly 6 kcal/mol in the rmsd6 complex.
The complexes with the rmsd3 and hdce4 links actually destabilize by around 3 kcal/mol when the complex is allowed to relax. We suspect that it is related to the conguration of the link selected by HostDesigner. An additional dierence between the uranium complexes and the previous actinide complexes is that the links did not all cause the average uraniumoxygen bond length to shorten, i.e. the links rmsd4, rmsd5, hdce1, hdce2, and hdce3 all cause the average uranium-oxygen bond length to lengthen. Additionally, it is worth noting that for uranium, the rmsd ranking method did a better job of predicting the most stable structures than the hdce algorithm. In both ranking methods, the most stable complex is ranked as the top structure, i.e. rmsd1 and hdce1. This is not the case for thorium or protactinium complexes. The results for uranium represent a best case scenario for the use of HostDesigner, and this might be related to more accurate force eld parameters for uranium than for thorium and protactinium. If the algorithm could always predict the most stable structure as the rst complex, the necessary computational time would be signicantly reduced, since only two structures would need to be optimized, rather than twelve. In all cases, the addition of the link that connects two of the catecholamide ligands stabilizes the complex, i.e. all of the top twelve structures obtained from HostDesigner for inputs of thorium-catecholamide, protactinium-catecholamide, and uranium-catecholamide.
The addition of covalent interactions to combine two existing ligands causes the resulting structures to be even more stable than the original complex.
Conclusions
In this work, new chelating agents with the potential to facilitate the separation of radioactive waste are designed. We demonstrate that the secondary coordination sphere improves
selectivity DFT-ZORA is applied using the Amsterdam Density Functional (ADF) code. Gibbs free energy and average plutonium-oxygen bond lengths are determined for the plutonium-nitrate and plutonium-water complexes to validate this method. The results from calculations performed on these complexes are comparable to those found in literature. Therefore, this approach is capable of accurately predicting the optimal geometric structure of complexes containing actinide elements.
The actinide-catecholamide complexes optimized using ADF are used as input structures for HostDesigner. The top twelve structures created for each actinide are obtained from
HostDesigner. In this work, geometry optimization calculations are only performed on complexes containing thorium, protactinium, and uranium. In all twelve complexes for each of these actinides, the addition of the link that connected two of the catecholamide ligands increases the overall stability of the complex. The addition of covalent interactions to combine two existing ligands causes the resulting structures to be more stable than the original complex with only non-covalent interactions among ligands. For thorium and protactinium, the most stable complex is generated by introducing an isoindene link, while for uranium the link that creates the most stability is butene.
Thus, we have presented a method that is feasible for designing actinide complexes that can be used for separating actinides. This method exploits the secondary sphere coordination eects, as well as the high-throughput screening of link and ligands, while using computational ecient relativistic DFT. Code 1 calls the OVERLAY algorithm using the command OVER. The input geometry is contained in a le called plutonium, dened using the command hosta=plutonium. The notype command means that no atom type is specied in the input le (this is leftover from previous versions of HostDesigner, and has no impact on the ligand design). The command drivea calls geometry drives. Geometry drives allow for exibility of the input structure, so that the orientation of the host may be changed to stabilize the resulting structures. For more information about geometry drives, see the HostDesigner User's Manual.
4 After the control le has been created, the user creates an input geometry le.
The structure of the input molecule is user-dened, and must be written to a le in a specic structure before executing HostDesigner. In the le, the user must specify coordinates (in a Cartesian system) for all atoms, their connectivity, and attachment points. Atom connectivity refers to the identication of atoms that have bonds to other atoms. Attachment points dene the hydrogen atoms in the input fragment that will be replaced by carbon atoms from the linking fragment (link). Note that the OVERLAY algorithm requires the attachment points to be in pairs. Code 2, below, shows the plutonium le referenced in 
3
Once the atoms are sorted properly in Avogadro, the coordinates are exported as a .bgf le. Because the .bgf format includes information that is unnecessary for HostDesigner, the le must be rearranged and edited to match the format discussed above. Finally, input les are currently subject to the following limitations:
1. The atom lost from the input fragment to form a bond to the link must be a hydrogen 2. The connecting atom from the link must be carbon 3. The hydrogen can only be lost from:
• Alkane, alkene, and arene carbons
• Aliphatic alcohol and phenol oxygens
• Amine and amide nitrogens
The limitations of the HostDesigner algorithm require the user to be selective when choosing an input structure. For the purposes of this work, it was straightforward to begin with one of the complexes that was provided in the HostDesigner download package; uranium bound to four catecholamide ligands. In this way, all the constraints were known to be satised.
